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The myocardial wall of the vertebrate heart changes from a simple epithelium to a trabeculated structure during embryogen-
esis. This process occurs when epithelioid cardiomyocytes migrate toward the endocardium, which we show is coincident
with up-regulation of the cell adhesion molecule, N-cadherin. To study the role of N-cadherin expressed at the trabeculation
stage, a replication-defective retrovirus expressing a dominant negative mutant of N-cadherin (DN-cadherin) was engi-
neered. Control viruses were designed to express b-galactosidase or a full-length N-cadherin. Viruses were introduced into
epithelioid presumptive myocytes at the time they initiate the epithelial±mesenchymal transformation. Individual cells
infected with control viruses generated daughter myocytes which migrated toward endocardium as a tight cluster, thereby
generating a clone that forms a single or at most two trabeculae. In contrast, myocytes expressing DN-cadherin were
sparsely distributed within the myocardium and failed to form the ridge-shaped clone. Thus, in addition to its known roles
in myocyte epithelialization and intercalated disc formation, N-cadherin appears to play a role in homotypic interactions
between nonepithelial migratory myocytes during trabecular formation of the embryonic heart. q 1998 Academic Press
Key Words: N-cadherin; trabeculation; cardiac myocyte; heart; retrovirus; adherent junction; intercalated disc; cell
migration.
INTRODUCTION ual epithelial-like myocytes generate a series of nonepithe-
lial daughters that grow toward the endocardium as a tight
cluster, thereby creating a single or at most a few trabeculaeIn the chicken embryo, cardiogenic precursors form the
(Mikawa et al., 1992a,b). These vertically arrayed trabeculae®rst identi®able heart structure by HH stage 9 (Hamburger
fuse and the domain closest to the epicardium proliferatesand Hamilton, 1951). At this stage, the presumptive myo-
more rapidly than the portion opposed to the endocardium,cardium is a tube lined by a simple epithelium (Manasek,
resulting in cone-shaped clonally derived structures. We1968; Peng et al., 1990) that begins to express muscle-spe-
have shown that the ®broblast growth factor signaling me-ci®c genes and becomes contractile by stage 10±12 (Han et
diated by the high-af®nity membrane receptors serves as anal., 1992; Yutzey et al., 1994). Epithelioid beating myocytes
endogenous mitogen to regulate the size of these clonallyof this simple tubular heart then divide in a plane perpendic-
derived structures (Mima et al., 1995; Mikawa, 1995). Fur-ular to the heart wall, delaminate, and migrate toward the
thermore we showed that the size of these units is propor-endocardium, generating a number of protrusions or trabec-
tional to the thickness of the myocardial wall (Mikawa etulae (Manasek, 1968). Subsequent fusion of trabeculae gives
al., 1992a; Mikawa, 1995). Although it is clear that cardiacrise to the thickened myocardium in which all myocytes
myocytes are organized into compact, clonally derivedare tightly connected with intercalated discs. Although the
structures during development, the molecules required formorphological transitions that occur during myocardium
this organization have yet to be identi®ed.formation have been extensively characterized, the molecu-
Several cell adhesion molecules are expressed in devel-lar regulation of this process remains poorly understood.
oping cardiac myocytes, including N-cadherin (Hatta et al.,Retroviral cell lineage studies have revealed that individ-
1987), T-cadherin (Sacristan et al., 1993), NCAM (Byeon et
al., 1995), and VCAM-1 (Kwee et al., 1995). N-cadherin, a
family member of transmembrane calcium-dependent cell1 To whom correspondence should be addressed. Fax: (212) 746-
8175. adhesion molecules (Takeichi, 1991), is known as a major
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tration of the viral titer up to 106±107 active virions/ml (Mikawacomponent of adherens junctions within intercalated discs
et al., 1992a), usually 10±100 viral particles in 1±5 nl solutionwhich axially adhere the matured myocytes and provide the
containing 100 mg/ml polybrene were pressure-injected into themembrane binding sites for myo®brils (Goncharova et al.,
myocardium of the tubular heart in ovo as described (Mikawa et1992; Shiraishi et al., 1993; Solar and Knudsen, 1994; Hering
al., 1992b). The infected embryos were then returned to the incuba-et al., 1996). In the embryo, N-cadherin is expressed in vari-
tor for further development. MDCK cells, a canine epithelial cell
ous regions such as the neural tube, notochord, and meso- line which expresses E- and P-cadherins but not N-cadherin (Wu
derm, and later becomes restricted to the heart and eye et al., 1993), were inoculated with the virus solution containing
(Hatta et al., 1987). In the cardiomyocyte lineage, N-cad- 10 mg/ml polybrene for 4 h at 377C as described (Mikawa et al.,
herin expression is ®rst detected at the time the cardiogenic 1991). After removal of the virus solution, MDCK cells were rinsed
mesoderm forms an epithelioid myocardium (Linask, 1992). three times with PBS and cultured in the Dulbecco's modi®ed Ea-
gle's medium containing 10% fetal bovine serum.Importantly, N-cadherin expression continues in myocytes
Morphological analyses. At various stages of development, in-during the epithelial±mesenchymal transformation and for-
fected embryos were ®xed by immersion for 3±4 h at 47C in phos-mation of trabeculae. Since the N-cadherin-null mice fail
phate-buffered saline (PBS) containing 2% paraformaldehyde andto form the epithelioid myocardium of the tubular heart
processed for 5-bromo-4-chloro-3-indolyl-b-D-galactopyranosideand die prior to the initiation of trabeculation (Radice et
(X-gal) histochemistry, in whole mount as described (Mikawa et al.,al., 1997), the role of N-cadherin in nonepithelial migratory
1992a). Hearts exhibiting b-gal-positive colonies were embedded inmyocytes during trabeculation remains uncertain. In this
paraf®n, serially sectioned at 7- to 10-mm thickness, and examined
study, a dominant negative mutant of chicken N-cadherin by bright-®eld or Hoffman modulation optics. For electron micros-
was introduced and expressed in cardiomyocytes undergo- copy, hearts were ®rst ®xed with a mixture of 2% paraformalde-
ing trabeculation by using a replication-defective retrovirus hyde and 2% glutaraldehyde in PBS for 1 h at room temperature
vector. The evidence is presented that N-cadherin plays a and processed as described (Mikawa et al., 1992b). Cells infected
vital role in the patterning of the trabeculae by regulating in culture were ®xed with either 2% paraformaldehyde in PBS for
X-gal staining or 90% methanol for immunostaining at room tem-the homotypic interaction between nonepithelial migratory
perature for 15 min.myocytes in the chicken embryonic heart.
Immunohistochemistry and immunoblot analyses. The em-
bryonic chicken hearts were cryoprotected by infusion with 20%
(w/v) sucrose in PBS, encapsulated in OCT compound (Tissue Tek),
MATERIALS AND METHODS and frozen by immersion in liquid nitrogen-cooled isopentane. Fro-
zen sections of 7±10 mm were air dried, rehydrated, and blocked
with PBS containing 1% BSA. Sections were incubated with pri-Virus production and infection. The recombinant viruses used
mary antibody 1 h at 377C, followed by three washes with PBS±for the present study are the replication-defective variants of an
BSA at room temperature (RT), for 10 min. Incubation with ¯uo-avian spleen necrosis virus (Dougherty and Temin, 1986). The re-
rescently tagged secondary antibody was performed at RT for 90combinant viruses expressing either the full-length N-cadherin or
min, followed by four washes for 5 min each with PBS at RT.its truncation mutant were engineered by using a viral vector plas-
Protein fractions and pieces of fresh heart from embryonic andmid, pSNIZ (Mima et al., 1995), which encodes a reporter, bacterial
adult chickens were solubilized in 2% SDS, 5% 2-mercaptoethanol,b-galactosidase (b-gal), downstream of a internal ribosome entry
100 mM Tris buffer, pH 6.8, 20% glycerol, 0.2% bromphenol bluesequence (IRES) between the 5* and the 3* LTRs of the proviral
by boiling for 5 min. The samples were centrifuged at 8000g for 10sequences. A fragment containing coding region of the chicken N-
min, and 6 mg of proteins from each extract was separated elector-cadherin cDNA was isolated from a plasmid lN2 (gift from Dr. M.
phoretically on a 7.5% polyacrylamide gel. The electrophoresedTakeichi, Kyoto) with XbaI and SspI. After addition of a XbaI linker
proteins were detected either by staining with 0.1% Coomassieto the SspI blunt end, the resulting 2961-bp fragment was inserted
blue or by immunoblotting according to Nawrotzki et al. (1995).between the 5* LTR and the IRES of pSNIZ. This construct was
Brie¯y, proteins transferred to nitrocellulose membrane were incu-designated pSNcadIZ. A truncation mutant of N-cadherin (DN-cad)
bated for 1 h at room temperature with blocking buffer (50 mMwas generated by removal of the sequence between the XhoI site
Tris, pH 8; 2 mM CaCl2; 0.05% Tween 20) containing 5% nonfat(nucleotide position 366) and the PstI site (nucleotide position 1902)
dry milk, washed with the same buffer, and incubated with primaryfrom the XbaI/SspI fragment of plN2 and by subsequent religation
antibodies in blocking buffer containing 1% BSA for 1 h at RT.with an adaptor sequence encoding 5*-CGACTGTTTATCGAA-
After washing to remove excess primary antibody, the membranesTTC-3* in frame. The recombinant DN-cad sequence was then
were soaked with alkaline phosphatase-conjugated secondary anti-inserted into the XbaI site of pSNIZ, and the resulting construct
body for 1 h at RT, washed three times with PBS-T buffer andwas designated pSNDcadIZ (Fig. 1). Cotranslation of the transgene
reacted with bromochloroindolyl phosphate/nitro blue tetrazoliumwith b-gal from the dicistronic construct has been described else-
for color development. The staining reaction was terminated withwhere (Mima et al., 1995). Procedures for the recombinant virus
a PBS solution containing 20 mM EDTA.production and test for the helper virus activity have been described
The primary antibodies used were PEP1, speci®c to the intercel-(Mikawa et al., 1991). The viral titer of 104±105 active virions in 1
lular domain conserved by the cadherin family (gift from Dr. Gum-ml of the culture medium was obtained for SNcadIZ and SNDcadIZ
biner), dilution 1:1000 and FA5, speci®c to chicken N-cadherinretroviruses on average. As a control, a virus encoding only b-gal
(Sigma), dilution 1:500. The secondary antibodies were anti-rabbitwas used (Mikawa et al., 1992b). Fertilized chicken eggs were ob-
IgG conjugated with Texas red, horseradish peroxidase, or alkalinetained from an outbred ¯ock (Truslow Farms, NJ) and incubated
phosphatase for PEP1, dilution 1:100 for immunostaining andat 37.57C in a humidi®ed atmosphere until they had developed to
HH stages 16±17 (Hamburger and Hamilton, 1951). After concen- 1:10,000 for immunoblot, and anti-mouse IgG conjugated with
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FIG. 1. Expression pro®les of N-cadherin during myocardium formation in the chicken embryo. (A) Immunoblot of total extracts (6 mg
per well) from embryonic hearts labeled with a monoclonal antibody, FA5. Arrow indicates N-cadherin bands. (B) Ratio of N-cadherin
level in embryonic hearts to that in adult hearts based on densitometry of immunoblot. Filled circles and bars represent averages and
standard deviations, respectively of three independent scanning data from immunoblots. (C±E) Immunolocalization of N-cadherin in the
myocardium of E7 (C and D) and adult (E) hearts with FA5. (D) Higher magni®cation of C.
¯uorescein, horseradish peroxidase, or alkaline phosphatase for (Figs. 1A and 1B). The N-cadherin level gradually increased
FA5, dilution 1:500 for immunostaining and 1:5000 for immu- throughout the trabeculation stage (E5 and E7 in Fig. 1B)
noblot in PBS with 1% BSA. and reached a plateau during the second week at the time
myocytes initiated intercalated disc formation (E10, E14,
and E18 in Fig. 1B). Immunostaining of embryonic hearts
RESULTS revealed that at the trabeculation stage N-cadherin was dis-
tributed throughout myocyte cell membrane (Figs. 1C and
The expression pro®le of N-cadherin during myocardial 1D), in marked contrast to the restricted localization to the
wall formation was examined by immunoblot analysis intercalated discs in the matured heart (Fig. 1E). The results
(Figs. 1A and 1B) and immunohistochemistry (Figs. 1C±1E). indicate that the expression level of N-cadherin is signi®-
A lower level of N-cadherin was detected in epithelioid cantly increased during the epithelial±mesenchymal transi-
tion and subsequent trabeculation.myocytes and those undergoing active trabeculation on E3
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and became more ®broblastic (Fig. 3C). In these cells, the
DN-cadherin was diffusely distributed (Fig. 3D). The results
indicate that DN-cadherin is capable of competing with
endogenous cadherins as a dominant negative mutant
thereby blocking formation of lateral adherens junctions of
MDCK cells.
To test whether the dominant negative effects of DN-
cadherin affect patterning of the myocyte clone formation
during trabeculation, the SNDcadIZ virus was introduced
into myocardium of the tubular heart at HH stages 16±17
(E2±3), the time at which embryonic myocytes undergo the
epithelial±mesenchymal transformation. Virus titer was
adjusted to 1±10 virions/heart to obtain isolated myocyte
clones with no close proximity within the myocardium as
described (Mikawa et al., 1992; Gourdie et al., 1995). Clonal
growth of daughter myocytes from individual precursors
FIG. 2. (A) Topological arrangement of the secretion signal pep- was monitored by whole-mount X-gal staining of the heart
tide (sp), extracellular domain (ext), transmembrane domain (tm), at various stages after infection. In the normal process of
and intracellular domain (int) in a full-length N-cadherin (N-cad) trabeculation as visualized by infection with a control b-
or DN-cadherin (DN-cad), each of which was introduced into a
cloning site (arrow) of a retroviral expression vector, pSNIZ. ATG,
translation initiation site; Stop, translation termination site; LTR,
viral long terminal repeat; lacZ, bacterial b-galactosidase gene; c,
packaging signal; ®lled box, internal ribosome entry sequence. (B)
Immunoblots with FA5 and PEP1 on total proteins from chicken
embryonic ®broblasts (lanes 1±3) and myocytes (lanes 4 and 5)
infected with b-gal virus (lane 1), N-cadherin virus (lanes 2 and
4), or DN-cadherin virus (lanes 3 and 5). Arrow and double-arrow
indicate the sizes of full-length N-cadherin and DN-cadherin, re-
spectively.
To examine the role of N-cadherin in nonepithelial myo-
cytes at the trabeculation stage, N-cadherin function was
disrupted by introducing a dominant negative mutant of
cadherin, DN-cadherin, into embryonic hearts. A dicis-
tronic viral vector, SNDcadIZ (Fig. 2A), encoding the DN-
cadherin with b-gal was engineered. In addition, two control
vectors were used: one the dicistronic SNcadIZ vector en-
coding functional full-length N-cadherin with b-gal, and the
other encoding only b-gal. In cells infected with SNcadIZ-
virus, a protein of135 kDa, the apparent size of full-length
N-cadherin, was identi®ed as a predominant product, while
a protein of 55 kDa, the expected size for DN-cadherin,
was found with a few additional bands in cells infected with
SNDcadIZ virus (Fig. 2B). On the average, expression levels
of exogenous N-cadherin and DN-cadherin were 5±10 times
higher than those of endogenous cadherin.
Biological activities of DN-cadherin and full-length N-
cadherin expressed from the viral vectors were ®rst exam-
ined by monitoring the lateral association of an epithelial
cell line, MDCK cells. Cells expressing the full-length N-
cadherin formed a typical epithelioid sheet when they be-
came con¯uent (Fig. 3A). The exogenous N-cadherin was FIG. 3. Coculture of wild-type MDCK cells with those expressing
predominantly located in lateral cell junctions, the destina- exogenous N-cadherin (A and B) and DN-cadherin (C and D). Cells
tion of cadherins in MDCK epithelia (Fig. 3B). In contrast, were stained with X-gal (A and C) for b-gal or with PET1 (B and
D) for N-cadherin. Arrows indicate FA5-positive cells.cells expressing DN-cadherin lost their epithelioid shape
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FIG. 4. Clonal expansion of myocytes expressing only b-gal (A, D, and G), full-length N-cadherin and b-gal (B, E, and H), and DN-
cadherin and b-gal (C, F, and I). Histological sections of E7 hearts (A±F) and surface views of E18 heart ventricles (G±I). Arrows indicate
b-gal-positive myocyte clones stained in blue with X-gal. ep, epicardial surface; ed, endocardial surface.
gal virus, individual epithelioid precursors of the tubular After fusion of trabeculae, each myocyte clone express-
ing only b-gal or a full-length N-cadherin with b-gal washeart generated daughter myocytes that grew more radially
toward the endocardium to form a single trabecula in the identi®ed as a cluster packed with X-gal-stained cells in
the thickened ventricular wall (Figs. 4G and 4H). In con-ventricular wall (Figs. 4A and 4D). No signi®cant alteration
of the normal clone formation was observed in the hearts trast, the clonal populations expressing DN-cadherin pro-
duced a number of subclusters each of which was distrib-infected with SNcadIZ virus (Figs. 4B and 4E). The DN-
cadherin-producing cells, however, did not follow the nor- uted sparsely among normal myocytes and in no case
found as a single clonal sector (Fig. 4I). Electron micro-mal pathway of the clonal growth. They were distributed
among several trabeculae and greatly spaced between nor- scopic inspection of these cells indicated that DN-cadh-
erin served as a dominant negative mutant giving rise tomal myocytes (Figs. 4C and 4F). These results suggest that
introduction of DN-cadherin into the epithelioid myocyte formation of altered intercalated discs (Fig. 5). Myocytes
infected with control viruses expressing only b-gal (Fig.precursors gives rise to daughter populations that can prolif-
erate but cannot adhere normally and therefore invade or 5A) or a full-length N-cadherin with b-gal (Figs. 5B and
5D) produced normal intercalated discs to which well-migrate individually into the myocardial wall. Thus, clonal
growth of the DN-cadherin-producing populations was sig- arrayed myo®brils were anchored. In contrast, cells in-
fected with virus expressing DN-cadherin often exhibitedni®cantly altered during the early stages of trabecular for-
mation prior to overt intercalated disc formation. altered adherent junctions characterized by a lower elec-
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FIG. 5. Electron micrographs of myocytes in E18 hearts infected with b-gal virus (A), N-cadherin virus (B and D), and DN-cadherin virus
(C and E). D and E are high power views of B and C, respectively. Myocytes expressing exogenous genes were identi®ed by crystalloid
particles (double arrowheads) of X-gal products, as described (Mikawa et al., 1992b; Mima et al., 1995). Asterisks and arrows indicate
uninfected b-gal-negative myocytes and intercalated discs, respectively.
tron density (Figs. 5C and 5E). These cells contained im- have shown that individual trabeculae are generated by a
clonally related daughter population that arises from epithe-mature and/or disrupted myo®brils.
The above data indicate that DN-cadherin-dependent lioid myocytes of the tubular heart, undergoes an epithe-
lial±mesenchymal transformation, and radially migrates to-phenotypes were likely induced by loss of proper cell adhe-
sions. Thus, the cadherin-based adherens junctions may reg- ward endocardium as a tight cluster (reviewed in Mikawa
et al., 1996). The present study demonstrates that duringulate the normal patterning of myocardial trabeculation.
Consistent with this idea, electron-microscopic examina- trabecular formation, nonepithelial migratory myocytes in-
crease the levels of N-cadherin, coincident with formationtion of embryonic hearts revealed that myocytes adhered
with adherens junctions throughout myocardial formation of adherens junctions, and that introduction of DN-cadherin
during the trabeculation process gives rise to intensive mi-(Fig. 6). Myocytes in the epithelioid myocardium at the tu-
bular heart stage (Fig. 6A) were laterally connected with an gration of clonally related myocytes into neighboring tra-
beculae. The data provide, for the ®rst time, in vivo evi-adhesion belt characteristic of epithelium (Figs. 6D and 6E).
At the trabeculation stage, the adhesion belt disappeared dence that the cadherin-based adhesion regulates the clonal
expansion of mesenchymal myocytes during trabeculation,from myocytes which underwent the epithelial±mesenchy-
mal transformation (Fig. 6B). Instead, myocytes in trabecu- after loss of the epithelial phenotype and prior to interca-
lated disc formation.lae were connected with multiple adherens junctions (Figs.
6F and 6G). This random distribution of adherens junctions N-cadherin function in both the adherent belt of epitheli-
oid presumptive myocytes (Linask et al., 1997) and the in-was typical of myocytes at the trabeculation stage and was
later remodeled into intercalated discs when trabeculae tercalated disc of matured myocytes (Goncharova et al.,
1992; Solar and Knudsen, 1994) was successfully studied infused to form the thickened myocardium (Fig. 6C).
vitro either by neutralization of N-cadherin with a speci®c
antibody or by competitive inhibition with DN-cadherin
(Herting et al., 1996). Unfortunately, myocyte culture doesDISCUSSION
not serve as an ideal model system for addressing the role of
N-cadherin in three-dimensional patterning of trabeculae. ItFor the ®rst 2 weeks of chick embryogenesis the myocar-
dial wall is avascular and nourished by diffusion through the has been shown that mice lacking a neuregulin receptor fail
to form trabeculae and die at the tubular heart stage (Leeendocardium (Rychter and Ostadal, 1971). Such diffusion
is facilitated by extensive trabeculations which markedly et al., 1995; Gassmann et al., 1995; Kramer et al., 1996),
indicating that the loss of trabeculation results in embry-increase endocardial surface area (Rychter and Ostadal,
1971). Classic morphological works (Manasek, 1968) and onic lethality. Thus, trabeculation is vital for normal
growth and survival of the heart; this is a major dif®cultyrecent retroviral cell lineage studies (Mikawa et al., 1992a,b)
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FIG. 6. Electron micrographs of the myocardium of E3 (A, D, and E), E7 (B, F, and G), and E18 (C) hearts. D±G are high power views of
epithelioid myocardium (D and E) and trabeculae (F and G). Arrows indicate intercalated discs (C), adhesion belts (D and E), and adherens
junctions (F and G). ep, epicardial surface; ed, endocardial surface.
in addressing the molecular mechanisms that govern the at the trabeculation stage in vivo without inducing the em-
bryonic lethality.patterning of trabeculation in vivo, including the role of N-
cadherin. N-cadherin-null mice die prior to the initiation Mouse embryos lacking the N-cadherin gene (Radice et
al., 1997) and Xenopus embryos expressing DN-cadherinof trabeculation due to the failure in forming the epithelial
myocardium (Radice et al., 1997). Expression of DN-cad- (Kintner, 1992) both show the signi®cant defects in epitheli-
alization. However, the primary effects of each genetic ma-herin in Xenopus embryo results in embryonic lethality at
the neurula stage (Kintner, 1992). Because of the early em- nipulation reside in distinct cell populations: The former
approach results in disruption of the presumptive myocar-bryonic lethality, the role of N-cadherin in myocytes at the
trabeculation stage has not been examined in these studies. dium, while the latter gives rise to the perturbed epitheliali-
zation in the ectoderm. This difference could be a re¯ectionBy creating a mosaic heart in which the normal myocar-
dium contains a small patch expressing a transgene of a of distinct roles of N-cadherin in different species. Alterna-
tively, DN-cadherin may affect other members of the cad-full-length N-cadherin or DN-cadherin, the present study
successfully modulates N-cadherin functions in myocytes herin family (Kintner, 1992). Consistent with this idea, our
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